Culture of embryonic heart in the anterior eye chamber allows neurohumoral and genetic controls of cardiac development to be separated from the influence of hemodynamic load. Hearts from l2-day gestation rat embryos grafted into the anterior eye chamber ofan adult host rat attach to the iris and become vascularized and innervated by collaterals from the host iris. The spontaneous beating of grafts is pacemaker-driven and under functional neural control. Grafts do not beat against a pressure load, allowing the influence of neurohumoral factors to be separated from altered hemodynamic load. In oculo, embryonic heart differentiates into mature myocardium by most morphologic and biochemical criteria. Mature intercalated disks and myofibrils with well-defined Z-Iines and M-Iines are observed. Mature grafts express the high levels of a-myosin heavy chain characteristic of young adult myocardium. Surgical sympathetic denervation of the anterior eye chamber prior to grafting of embryonic hearts compromises growth and increases the intrinsic pacemaker rate. Since the grafts are perfused by the host circulation, the hormonal milieu of the graft can be altered by treatment of the host. Thus, the interaction between hormones and innervation of grafts can be studied using the in oculo model system.
INTRODUCTION
Cardiac development results from an interaction between genetically programmed processes and exogenous factors. Neural and hormonal stimuli are potentially important exogenous influences on the developing heart. Distinguishing neurohumoral from intrinsic controls of cardiac development in the intact individual is problematic because the heart and its neurohumoral milieu change simultaneously and because experimental manipulations of the neurohumoral milieu usually alter the hemodynamic load on the developing heart.
A number ofmodel systems have been developed in which the environment of the heart can be controlled. By dissociating myocytes from neonatal heart and placing them in cell culture, neural influences are eliminated and hormonal stimulation is under strict experimental control. Studies of cultured myocytes have demonstrated hormonal modulation of contractile protein synthesis (38, 41) and aI-adrenergic receptor control of myocyte growth (29) . In cell culture, myocytes are separated from their normal relationship with other cardiac cell types. Since cell-cell interactions are known to be important in key developmental events such as angiogenesis (13) and endocardial cushion differentiation (18, 27, 28) , additional model systems are needed. Organ culture offetal heart was extensively studied by Wildenthal, Ingwall, and colleagues and found to be a slowly dying preparation, unsuitable for long term studies (16, 40) . More recently, elegant experiments by Markwald, Runyan, and colleagues have used a 3-dimensional collagen gel to determine factors that promote differentiation ofendocardial cushions into valves (22, 27, 28) .
The anterior eye chamber ofan adult rat provides an in vivo culture system in which embryonic heart can be grafted without disrupting relationships among cardiac cell types (23, 33) . Heart grafts rapidly become vascularized by collaterals from the host iris and are exposed to the relatively constant 531 TOXICOLOGIC PATHOLOGY factors produced by the graft are likely to stimulate sprouting of the iris vessels which connect with the graft vessels.
E~bryonic heart grafted in oculo provides a potentially useful model system in which the neurohumoral and intrinsic controls of cardiac development can be studied and separated from the influences of hemodynamic load. A necessary first step in using this system is to distinguish aspects of cardiac differentiation which proceed normally in oculo from those that are abnormal or arrested. To this end, we have examined morphologic, electrophysiologic, and biochemical characteristics of embryonic atria and ventricles cultured in oculo.
Growth ofEmbryonic Heart In Oculo
We have studied grafts of the entire embryonic heart, and of dissected atria and ventricles. Grafts of whole embryonic day 12 (E-12) heart increase in mass from approximately 0.4 mg to 6 mg by 8 weeks in oculo. While this represents clear tissue growth, the mature size of the grafts is a fraction of the size of an intact rat heart of equivalent postconceptual age (-1.2 g at 6 weeks postnatal). Our 3H-thymidine studies indicate ongoing myocyte cell division after 10 days in oculo, with no dividing myocytes observed after 10 weeks in oculo (4) . The small size of grafts compared to the mass achieved by a heart maturing in situ suggests that the number of cell divisions may be decreased in oculo.
The size ofmyocytes is also much smaller in grafted hearts th~n in normally growing myocardium (4), due at least m part to the lack ofhemodynamic load in oculo. We have estimated myocyte size by the ratio of nuclear area to cytoplasmic area. In oculo, the nuclear to cytoplasmic ratio ofmyocytes in ventricular grafts decreases 2.5-to 3-fold during 8 weeks in oculo, a decrease similar to that observed between E-12 and 4 weeks postnatal in a normally growing heart ( Fig. 1 ). This is likely to be an underestimate of the increase in myocyte size since the majority of mature myocytes are binucleated (3, 8) . While binucleated myocytes are present in grafted hearts, we have not yet determined the incidence of binucleation in oculo.
Morphologic Development ofEmbryonic Heart Grafted In Oculo
At the time of grafting (E-12), ventricular myocardium consists of small clusters of round singlenucleated myocytes with sparse myofilaments. Rudimentary sarcomeres are present and junctions between cells are immature. Considerable electron lucent area was observed both within myocytes and in the interstitial space ( neurohumoral milieu of an adult rat. In addition, grafts receive sympathetic, parasympathetic, and sensory innervation from the host iris. When innervated, the beating rate of grafts is altered by changes in ambient light (23, 30, 33, 34) . Although grafts beat spontaneously in oculo for many weeks, they do not beat against a pressure load, allowing graft development to be studied in growing and beating heart tissue which matures without hemodynamic load. Since hemodynamic load can stimulate cardiac growth (10, 21) , neurohumoral influences can be identified more clearly when load is held constant.
The anterior eye chamber has also been used to culture brain tissue and a number of different peripheral organs (1, 2, 15, 25) . Vascularization of tissues in oculo parallels that observed in situ. Embryonic heart (4), neonatal brain (15) and fetal kidney (2) rapidly become vascularized by collaterals from the host iris. Blood vessels growing into brain grafts develop a blood brain barrier-like morphology, while vessels into kidney grafts contribute to the glomerular basement membrane (2) . In contrast, aorta and femoral artery, which are poorly vascularized in situ. do not become vascularized in oculo and show vascular smooth muscle atrophy (25) . These observations suggest that vascularization of tissue grafted in oculo and blood vessel morphology are controlled by the grafted tissue. Vascularization ofnormally growing heart occurs by vasculogenesis, the formation of capillary tubes within the tissue, rather than by invasion of capillaries from the surrounding tissue (26) . Our observations of blood islands in grafted hearts by 3 days in oculo are consistent with a vasculogenic process. Angiogenic In oculo, myocyte differentiation parallels that observed in normally growing myocardium (see Table   I and ref. 4). By 3 weeks in oculo (equivalent to 2 weeks after birth in postconceptual age),binucleated myocytes are occasionally seen in electron micrographs and myocytes have assumed an elongated shape. By 5-8 weeks in oculo, myofibrils are well developed with clear Z-lines and M-lines and mature intercalated disks ( Fig. 3 ). Atrial grafts into the anterior eye chamber contain electron dense atrial granules ( Fig. 3 and ref. 4) and are immunoreactive for atrial natriuretic peptide (unpublished observations).
Ventricular myocardium developing in oculo differs from heart maturing in situ in several ways.
First, even when entire embryonic heart is grafted in oculo, a number of the specialized structure do not develop. For example, there are no valves, there is no consistent pattern of surface vascularization reminiscent ofa coronary vascular system and there is no evidence of specialized conduction pathways such as the Bundle of His. Thus, an essential cue necessary for formation of these structures is absent when embryonic heart is grafted in oculo. Second, T-tubules are never observed in in oculo grafts; the small size of in oculo myocytes may not require a T-tubular system for calcium delivery to the interior of the cell. Third, myofibrils and myocytes are less well aligned than in working ventricular tissue. We hypothesize that because grafted hearts do not pump against a pressure gradient, there is no consistent line of stretch or force to direct alignment of cells and contractile elements. Recent work by Terracio and colleagues in tissue culture indicates that isolated myocytes orient myofibrils perpendicular to the direction of stretch placed upon in vitro.
In summary, by most morphologic criteria embryonic heart differentiates into adult-like myocardial tissue in oculo. However, tissue tends to be less well organized when maturing in oculo and several specialized structures of functional importance to the intact heart do not develop.
Contractile Protein Expression in Embryonic Heart Grafted In Oculo
The heavy chain (MHC) is the most thoroughly studied. There are 2 cardiac isoforms of MHC which are transcribed from 2 different genes. Several laboratories are studying how the gene for each isoform is regulated and how expression of the 2 genes is coordinated (e.g., 38, 41) . The a-MHC isoform has a higher ATPase activity than the I3-MHC isoform, which results in more rapid contraction and relaxation when a-MHC is the dominant isoform. MHC exists as a dimer within the myofibril, with dimers of aa, al3, and 1313 resulting in the VI, V2 and V3 isoforms of MHC protein.
During embryonic and fetal development, MHC of the rat ventricle is predominantly of the V3 isoform (20) . After birth, there is a rapid conversion to the VI form of MHC, with virtually 100% VI observed by 4 weeks of age (20, 37) . MHC isoform composition is strongly influenced by thyroid hormone levels and the postnatal increase in thyroxine levels certainly contributes to the conversion from V3 to VI MHC. The contribution of other factors such as the postnatal increase in hemodynamic load, functional maturation ofthe innervation ofthe heart, and the changing levels of other hormones remains unclear. The in oculo heart model allows the hormonal milieu of the heart to be manipulated independently of its innervation, workload and developmental stage, making it a potentially useful model for studying regulation of MHC expression.
Our initial studies indicated that VI MHC is expressed in ventricle grafts at 8 weeks in oculo (Tucker and Bugaisky, unpublished observations). Recently, we have corroborated our initial observation using SI nuclease protection assays to study expression ofmRNA for the a-and I3-MHC isoforms (37) . On embryonic day 12 (E-I2), the ventricle contains approximately 80% of the I3-MHC mRNA. By 8 weeks in oculo, there is conversion to a-MHC mRNA, suggesting that hemodynamic load is not necessary for conversion. Studies are ongoing to de- 
Pacemaker Development in Embryonic Heart Grafted In Oculo
As noted above, embryonic heart grafted into the anterior eye chamber beats spontaneously. In collaboration with W.T. Woods, Jr., we studied the electrophysiologic properties of embryonic heart grafted in oculo and are using this model system to investigate determinants of pacemaker genesis in embryonic heart (34) . Table II presents a comparison ofthe electrophysiologic characteristics ofadult rat myocytes with those of in oculo grafts. While the maximum diastolic potential and amplitude of action potentials are similar, the maximum upstroke velocity (Vmax) and conduction velocity are considerably slower in graft myocytes than in myocytes in perfused adult rat heart (34) .
To localize the pacemaker of grafts, intracellular recordings of action potentials were made from 2 myocytes simultaneously. This method assumes that the cell closer to the pacemaker depolarizes first. Maps were created of atrial and ventricular grafts to localize the pacemaker. In each case, the pacemaker was located near the center of the junction ofthe graft with the iris. By removing serial sections of the graft it was possible to record pacemaker action potentials in this region. Conduction ofthe impulse from the pacemaker through the graft was uniform, with no evidence of specialized conduction pathways in either atrial or ventricular grafts. Thus, our microelectrode studies indicate that the beating of embryonic heart grafted in oculo is driven by a pacemaker that resembles the natural pacemaker, suggesting that controls of pacemaker development and function may be studied in oculo.
Several pieces of information suggest that a new pacemaker is formed after hearts are grafted in ocu-10. First, both atrial and ventricular grafts either stop beating or slow considerably during the first 3 days in oculo. By 10 days in oculo, virtually all grafts have resumed beating at a rate not different from that observed prior to dissection. Second, spontaneous beating is established when portions of the heart that do not contain a pacemaker are grafted in oculo. For example, the lower 213 of the ventricle and the left and right atrial appendages each established spontaneous beating in oculo. Third, since the orientation of the grafts varies considerably, consistent location of the pacemaker at the junction with the iris makes it unlikely that the original pacemaker continues to function in oculo. The iris-graft junction is the site of vascularization and innervation of grafts as well as the site of contact with the termine the influence of sympathetic innervation and host thyroid hormone levels on MHC mRNA expression.
TOXICOLOGIC PATHOLOGY iris epithelium. Each of these factors is a potential contributor to pacemaker development in oculo.
Neural Influences on the Growth and Pacemaker Rate ofEmbryonic Heart Grafted In Oculo
There is conflicting information about the role of autonomic nerves in controlling cardiac growth. In the adult heart, catecholamine stimulation causes hypertrophy due in part to an increase in myocyte size. In the newborn heart, is-adrenergic receptor stimulation with isoproterenol inhibits ongoing cell division (7) and neonatal sympathectomy with 6-hydroxydopamine extends the period during which cell division is observed (19) . The final cell division ofmyocytes in the rat heart occurs during the second postnatal week (8) concomitant with the functional maturation of sympathetic innervation. These results suggest that sympathetic innervation may stimulate withdrawal of cardiac myocytes from the cell cycle. In nondividing myocytes, adrenergic stimulation promotes cellular hypertrophy both in vitro and in situ (24, 29) . Simpson's studies have demonstrated a.-adrenergic receptor mediation of norepinephrine-stimulated growth in cell culture (29) . Because innervation of embryonic heart grafted into the anterior eye chamber can be manipulated experimentally, this model has the potential to answer important questions about the role of innervation in controlling cardiac growth and differentiation.
In virtually all of our experiments, hearts are grafted at 12 days gestation, prior to autonomic innervation in situ. Therefore, any neural influences on graft development will occur in oculo. Sympathetic and parasympathetic innervation of the anterior eye chamber can be removed by ipsilateral superior cervical ganglionectomy (SCGx)and ciliary ganglionectomy, respectively. Thus, in the anterior eye chamber model, heart development can be stud-ied in tissue never innervated by sympathetic (or parasympathetic) neurons. Kessler and colleagues (17) demonstrated that sympathetic denervation of the anterior eye chamber causes an increase in substance P content of the iridial sensory nerves and an increase in choline acetyltransferase activity in iridial cholinergic neurons. Both changes were prevented by an antibody to nerve growth factor (NGF), suggesting that the sensory and parasympathetic neurons respond to increased availability of iridial NGF (17) . Bjorklund (5) showed that sympathetic denervation of the eye chamber caused induction of tyrosine hydroxylase immunoreactivity in presumably cholinergic neurons as well as appearance of neuropeptide Y immunoreactivity. These data suggest that, in addition to removing sympathetic innervation, sympathetic denervation of the anterior eye chamber causes changes in the parasympathetic and sensory neurons which remain.
When the atria, ventricles or whole hearts from E-12 rats are grafted into sympathetically denervated anterior eye chambers, growth is substantially reduced relative to control grafts (32, 33, see Fig.  4 ). Permanence of the denervation was confirmed by high pressure liquid chromatography assay of norepinephrine and by glyoxylic acid histofluorescence. We are currently analyzing whether this reduced growth is due to fewer cells, smaller cells, a change in tissue composition or some combination. Electron microscopy indicates that myocytes not innervated by sympathetic neurons in oculo do differentiate into mature myocardium, suggesting that sympathetic innervation is not necessary to initiate or support morphologic differentiation.
We hypothesized that supplying an additional source ofsympathetic neurons might increase growth of grafts into intact anterior eye chambers (36) . To test this hypothesis, we co-grafted a neonatal superior cervical ganglion into the anterior eye cham- Superior cervical ganglion (SCG) and heart were co-cultured in oculo. Growth of embryonic heart grafts was estimated by measuring surface dimensions of grafts as in Fig. 4 . Hearts grafted with an SCG showed no greater growth than hearts grafted alone. (Reprinted with permission from Tucker and Gautier: Ann. NY Aead. Sci. 588: 120-129,1990 (36) .) ber with whole E-I2 hearts (36) . Tyrosine hydroxylase immunohistochemistry verified that co-grafted neurons survived and adhered to the surface ofmature grafts, sending processes into the grafts. Growth of grafts was not altered by co-grafting sympathetic neurons (Fig. 5 ). Because co-grafted neurons receive no source ofpresynaptic input, this experiment tests the hypothesis that contact between neurons and targets promotes growth but does not test the role of functional sympathetic stimulation in graft development. In fact, co-grafted neurons may have competed with iridial neurons for NGF and actually decreased functional sympathetic innervation. The substantial increase in parasympathetic control of beating rate that we observed in grafts cultured with sympathetic neurons supports this possibility (36) .
Grafts into sympathetically denervated eye chambers establish a faster intrinsic pacemaker rate than grafts into intact eye chambers (33, Fig. 6 ). Recordings were made from chronically implanted electrodes with hosts unanesthetized and freely moving. Pacemaker rate was estimated after combined blockade of muscarinic receptors with methylatropine (10 Jlg/kg) and {j,-adrenergic receptors with atenolol (1 mg/kg). Sympathetically innervated and noninnervated grafts did not differ in the maximal heart rate after isoproterenol (1 Jlg/kg). Thus, both the growth and pacemaker rate of embryonic heart are altered by innervation. Studies are ongoing to characterize the morphological and biochemical consequences of maturation in sympathetically denervated eye chambers and to examine interactions between innervation and the hormonal state of the host.
Genetic and Neurohumoral Influences on Cardiac Development In Oculo
The in oculo model allows genetically determined aspects of development to be separated from those controlled by neural and hormonal stimulation (l). Our recent study of genetic and neurohumoral controls of cardiac development in the spontaneously hypertensive rat (SHR) used this strategy (35) . SHR rats consistently show cardiac hypertrophy, even terior eye chamber compromised growth of atrial grafts (Fig. 8 ). This suggests that growth of grafts into SHR hosts may be less influenced by the neural milieu. Thus, contrary to expectation, no differences in growth attributable to strain of the host or to strain of the tissue were observed when embryonic SHR and WKY hearts were grafted in oculo (35) . Since grafts are not working against a hemodynamic load, these data suggest that exposure to hemodynamic load may be necessary for expression of hypertrophy in the SHR model.
Summary
The in oculo culture system allows development of embryonic heart to be studied in an environment where it receives both vascular supply to support its growth and innervation which exerts functional control over its contractile activity. Whole hearts, atria or ventricles can be grafted without disrupting po- when blood pressure is maintained within the normal range by pharmacological treatment (11, 39 ). An increased heart size to body size ratio is first observed during fetal life in SHR (12, 35) . However, since the blood pressure ofSHR is elevated as early as it can be measured (6, 9, 14) , it is possible that the increased heart size of SHR is a result of early exposure to increased hemodynamic load. We cultured embryonic SHR heart in the anterior eye chamber to determine whether increased growth would be observed in SHR tissue not exposed to a hemodynamic load and to determine whether the neurohumoral milieu of an SHR host was either necessary or sufficient to promote increased myocardial growth (35) .
Atria and ventricles from SHR and WKY embryos were grafted into either SHR or WKY hosts at 12 or 13 days of gestation. Measures of heart size and crown to rump length from E-13 embryos suggested that while heart size was equivalent in SHR and WKY embryos, SHR embryos were smaller, resulting in an increased heart size/body length ratio in SHR. Since the mass of heart tissue grafted from SHR and WKY hearts was not significantly different, increased growth was predicted in grafts from SHR embryos. However, no evidence of increased growth in atrial or ventricular grafts from SHR embryos was observed, either when cultured in SHR or WKY anterior eye chambers. In fact, atrial grafts from WKY embryos were larger than SHR grafts by 6-8 weeks in oculo (Fig. 7) . Growth ofventricular grafts was not affected by either the strain of the host or the source of the tissue. In WKY, but not in SHR hosts, sympathetic denervation of the an-tentially important relationships among cell types. By both morphologic and biochemical criteria, embryonic heats differentiate into mature myocardium, making this a model system in which controls ofthese processes can be examined. A distinct pacemaker drives the spontaneous contractile activity of grafts. The pacemaker rate can be increased by removal of sympathetic innervation to the eye chamber, suggesting the possibility ofalterations in channel composition or membrane properties of the pacemaker by neural input. Growth ofgrafts is compromised by sympathetic denervation of the eye chamber prior to grafting, indicating that neural factors can influence growth of embryonic heart by mechanisms which remain to be identified. Studies of embryonic hearts from SHR and WKY embryos grafted into the anterior eye chamber indicate that the cardiac hypertrophy characteristic ofSHR is not expressed in oculo. A likely explanation is that exposure to a hemodynamic load is necessary for the increased cardiac growth of SHR to be expressed.
While the absence of hemodynamic load in oculo allows clearer interpretation of the results of neurohumoral manipulations, it is also a feature ofnormal cardiac development which cannot be "added back" into the anterior eye chamber culture system. Thus, the in oculo model cannot test experimentally the role of hemodynamic load in expression of hypertrophy in SHR or in promoting consistent alignment of myofibrils and myocytes. The strength of the anterior eye chamber culture system is the ability to manipulate independently innervation by sympathetic and parasympathetic nerves in the context of elevated or reduced levels of hormones thought to influence cardiac development and to identify aspects of cardiac development that are not dependent on hemodynamic load.
